Benzene is known to have toxic effects on the blood and bone marrow, but its impact at levels below the U.S. occupational standard of 1 part per million (ppm) remains uncertain.
thought to lower blood cell counts via metabolite effects on hematopoietic progenitor cells (4), we also evaluated the influence of genetic variants in cytochrome P4502E1 (CYP2E1) and myeloperoxidase (MPO), which metabolize benzene to toxic quinones and free radicals (5) , and NAD(P)H:quinone oxidoreductase (NQO1), which protects against this toxicity (6, 7) .
We compared 250 benzene-exposed shoe workers with 140 unexposed age-and sex-matched controls who worked in three clothes-manufacturing factories in the same region near Tianjin, China. Subjects were young (mean ± SD: 29.9 ± 8.4 years), about two-thirds were female (table S1), and shoe workers had been employed an average of 6.1 ± 2.9 years. For each subject, individual benzene and toluene exposure was monitored repeatedly up to 16 months before phlebotomy, and postshift urine samples were collected from each subject (8, 9) . Subjects were categorized into four groups by mean benzene levels measured during the month before phlebotomy [controls, <1 ppm, 1 to <10 ppm, and ≥10 ppm (Table 1 )], and more than 100 of the exposed workers had exposures below 1 ppm.
All types of white blood cells (WBCs) measured in the Complete Blood Count and platelets (9) were significantly decreased in workers exposed to <1 ppm benzene compared to controls (Table 1) . Lymphocyte subset analysis showed significantly decreased CD4 + -T cells, CD4 + / CD8 + ratio, and B cells. Hemoglobin concentrations were decreased only among workers exposed to ≥10 ppm. Tests for a linear trend using benzene air level as a continuous variable were significant for platelets and all WBC measures except monocytes and CD8 + -T cells (Table 1) . Adjustment for a range of potential confounders had a negligible effect on the strength of the associations (9).
We then restricted the linear-trend analyses to workers exposed to <10 ppm benzene, excluding controls and higher exposed workers, and found that inverse associations remained for total WBCs (P = 0.013), granulocytes (P = 0.02), lymphocytes (P = 0.045), B cells (P = 0.018), and platelets (P = 0.0016). To address the influence of past benzene exposure on these cell types, we examined workers exposed to mean benzene <1 ppm over the previous year (n = 60), and a subset who also had <40-ppm-years lifetime cumulative benzene exposure (n = 50), and found that the above cell types were decreased compared to controls (P < 0.05). Finally, to exclude the effect of other potential exposures on these associations, we identified a group of workers exposed to <1 ppm benzene with negligible exposure to other solvents (n = 30) (fig. S1) (9) and found decreased levels of WBCs, granulocytes, lymphocytes, and B cells compared to controls (P < 0.05). These findings, based on differentiated blood cell counts, provide evidence of hematotoxicity in workers exposed to benzene at or below 1 ppm.
Because benzene affected nearly all blood cell types, toxicity to progenitor cells was suspected. A fraction of hematopoietic progenitor cells circulate in the bloodstream in dynamic equilibrium with the bone marrow and can be cultured in colony-forming assays to measure their proliferative potential (10) . Using peripheral blood from 29 benzene-exposed workers and 24 matched controls, we examined the dose-dependent effects of benzene on different types of progenitor cell colony formation (CFU-GM, BFU-E, CFU-GEMM) (9) . Highly significant dose-dependent decreases in colony formation from progenitor cells were observed ( Fig. 1) . Further, benzene caused a greater proportional decrease in colony formation than in levels of differentiated WBCs and granulocytes (compare Fig. 1 , B and C, to Fig. 1A ), suggesting that early progenitor cells are more sensitive than are mature cells to the hematotoxic effects of benzene. This greater sensitivity of early progenitor cells is in agreement with previous findings in human cell cultures and mice (11, 12) .
Genetic variation in enzymes responsible for activating and detoxifying benzene has been shown to confer susceptibility to benzene poisoning in highly exposed workers (6, 13, 14) . We examined four nonsynonymous single-nucleotide polymorphisms (SNPs), with probable functional significance, in the CYP2E1, MPO, and NQO1 genes (9) . Two genotypes significantly influenced WBC counts in benzene-exposed workers, MPO -463GG (rs2333227) (P = 0.04) and NQO1 465CT (rs4986998) (P = 0.014) (table S2). In exposed subjects who carry either one (n = 191) or both of the "at risk" genotypes (n = 11), there was a strong genedosage effect (P trend = 0.004) (table S3), which was also present among those exposed to <1 ppm (P trend = 0.003). Compared to a mean ± SD WBC count of 5980 ± 1420 cells/μl among subjects with neither "at risk" genotype, the WBC count was 5480 ± 1120 cells/μl among subjects with either "at risk" genotype (P = 0.006) and 4900 ± 1240 cells/μl (P = 0.039) for both genotypes, in subjects exposed to <1 ppm. Neither genotype was associated with WBC count in controls, either separately (table S2) or in combination (P trend = 0.94) (table S3), and the trends in exposed workers and controls were significantly different from each other (test for interaction, P = 0.03). Subjects with the MPO -463GG genotype have normal expression and had a greater decrease in WBC counts from benzene exposure compared to individuals with the GA or AA genotypes (the latter two being associated with reduced expression) (15) . The functional significance of the NQO1 465C>T SNP is less clear, but it may increase alternative splicing and lower expression, thereby enhancing benzene hematotoxicity, as we observed. The other two SNPs [CYP2E1 -1053C>T (rs2031920) and NQO1 609C>T (rs1800566)] were not significantly related to WBCs (table S2).
There have been numerous studies of benzene-induced hematotoxicity (www.epa.gov/iris/ toxreviews/0276-tr.pdf), but few have been able to study effects at low levels of exposure. Ward et al. (16) found no evidence of a threshold for hematotoxic effects of benzene and suggested that exposure to <5 ppm benzene could result in hematologic suppression. Occupational exposure decreased WBCs in petrochemical workers exposed to <10 ppm benzene (17) , and Qu et al. reported that WBCs and other cell types were decreased in workers exposed to <5 ppm benzene (18) . In contrast, Collins et al. (19, 20) and Tsai et al. (21) did not detect decreased blood cell counts based on routine monitoring of workers exposed to low levels of benzene.
The present study showed that total WBCs, granulocytes, lymphocytes, B cells, and platelets significantly declined with increasing benzene exposure and were lower in workers exposed to benzene at air levels of 1 ppm or less compared to controls. Our findings are particularly robust because we carried out extensive exposure assessment over a 16-month period (8) and linked individual air-monitoring data to the endpoints measured. Further, we showed that benzene exposure decreased colony formation from myeloid progenitor cells, and that these progenitors were more sensitive to benzene toxicity than were mature WBCs. Finally, genetic variation in MPO and NQO1 conferred susceptibility to benzene-induced lowering of WBC counts. Although confirmation of these findings in other studies is needed, these data provide evidence that benzene causes hematologic effects at or below 1 ppm, particularly among susceptible subpopulations. Effect of benzene exposure on (A) white blood cell (WBC) and granulocyte counts; (B) colonies from the colony-forming unit-granulocyte-macrophage (CFU-GM) and burstforming unit-erythroid (BFU-E); and (C) colonies from the colony-forming unit-granulocyte, erythroid, macrophage, megakaryocyte (CFU-GEMM). Erythropoietin (EPO) was added to half of the cultures (9) . Trends with benzene were tested by linear regression (WBC, granulocytes), negative binomial regression (CFU-GM, BFU-E), and unconditional logistic regression [CFU-GEMM, categorizing subjects into 0 or more than 0 colonies (92%, 74%, and 40% of subjects had >0 colonies among controls, <10 ppm, and ≥10 ppm, respectively)]. Models were adjusted for age and sex, and additionally for smoking, alcohol, recent infections, and body mass index (BMI) if significant (9) . Strong, inverse trends between benzene and all cell types were present (P trend shown). There was a greater proportional decrease in colonies in workers exposed to ≥10 ppm versus controls for CFU-GM, BFU-E, and CFU-GEMM compared to the decline in WBCs (P < 0.011, 0.048, and 0.0078, respectively) and for CFU-GM and -GEMM compared to the decline in granulocytes (P = 0.026 and 0.0094, respectively) (9). Table 1 Peripheral blood cell counts in relation to benzene exposure level. There are up to 418 observations on 390 unique subjects (140 controls and 250 benzeneexposed workers). Data were obtained from 28 exposed subjects in both years (2000 and 2001) and are treated as independent observations in the summary data shown, distributing into benzene category on the basis of exposure level in the year that the blood sample was collected. Statistical analyses were adjusted for repeated measures by generalized estimating equations (22) . Models were adjusted for age, sex, current smoking, current alcohol drinking, BMI, recent infections, and, where appropriate, ln toluene air level (which can competitively inhibit benzene's metabolism) (9) . Data shown here are from all subjects except one benzene-exposed subject with data for only CD4 + /CD8 + ratio; two benzene-exposed subjects and one control with no benzene urine data; and two controls with no BMI data. ppm versus controls for endpoints without statistically significant trends: CD8 + -T cells, P = 0.31; monocytes, P = 0.0006; hemoglobin P < 0.0001.
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Benzene air level is the arithmetic mean (±SD) of an average of two measurements per subject collected during the month before phlebotomy (9) . This time period was chosen because granulocytes have relatively short half-lives in peripheral blood. ¶ Urinary benzene (mean ± SD) and mean individual air levels of benzene were strongly correlated (Spearman r = 0.88, P < 0.0001). Science. Author manuscript; available in PMC 2005 October 17.
